Editorial
D
uring life, our arteries with their 3 layers, numerous curvatures, branch points, and bifurcations, are continuously exposed to different flow and shear stress conditions. At branch points and bifurcations, especially oscillatory shear stress activates the endothelium, making these arterial sites prone to develop atherosclerosis. 1, 2 The subendothelial deposition and subsequent modification of lipids, such as low-density lipoprotein (LDL), further enhances this vascular inflammation. Along with endothelial activation, both the innate and adaptive immune system come into play, resulting in further recruitment of leukocytes and formation of atherosclerotic plaques.
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To keep the development of atherosclerosis under control, our arteries are subjected to a tight regulation to maintain their homeostasis. Regulatory RNAs, including micro-RNAs, are powerful post-transcriptional mediators that control vascular homeostasis, and their deregulation can result in aggravation of endothelial dysfunction and aggravation of vascular disease. Micro-RNAs can therefore be considered as potential novel therapeutics to treat cardiovascular disease. 3 In this issue of Circulation Research, Loyer et al 4 performed an elegant screening to identify micro-RNAs affecting atherosclerosis, the so-called atheromiRs, in endothelial cells. The authors selected the atheromiRs in in vitro settings using human umbilical vein endothelial cells based on 2 criteria that are highly relevant for the pathogenesis of atherosclerosis: (1) miRs that exhibit a change in expression by exposure to oxidized LDL (oxLDL) under low shear stress and (2) miRs that are not affected by oxLDL exposure under high shear stress conditions. The miR that was most dysregulated and fulfilled these criteria was miR-92a, which was highly expressed in atherosclerosis-prone regions in normocholesterolemic ldlr −/− mice compared with atherosclerosis-resistant regions in these mice. This difference in miR-92a expression was further enhanced when the ldlr −/− mice were fed a diet to induce hypercholesterolemia. 4 Moreover, miR-92a seemed to be highly specific for the atherosclerotic endothelium: macrophages and smooth muscle cells that were exposed to oxLDL expressed miR-92a only at a low level. The authors unequivocally showed in vivo evidence for the importance of atheromiR-92a by treating ldlr −/− mice with an antagomir against miR-92a. Treated ldlr −/− mice did not only show a reduction in plaque area but also developed plaques that contained less T cells and macrophages and contained more fibrosis, 4 a phenotype that is reminiscent of a stable human atherosclerotic plaque.
The findings of Loyer et al 4 are not unexpected. MiR-92a, which is part of the miR-17-92 cluster, has been proposed to be a therapeutic target for cardiovascular disease before. Several articles have found the miR-17-92 cluster to be correlated with regions of low shear stress. MiR-92a was found to be upregulated in endothelial cells by oscillatory flow. 5 In vivo, miR-92a was found to be highly upregulated in the atherosclerosis-prone areas of the aortic arch compared with atherosclerosis-resistant areas of the aorta. 6 Here, Loyer et al have discovered an additional feature of miR-92, which is relevant to atherosclerosis: miR-92a expression is mediated by oxLDL. When endothelial cells were exposed to oxLDL and low shear stress, Loyer et al found that they secreted interleukin-6 and monocyte chemoattractant protein-1, which could be reversed by inhibition of miR-92a. The expression of miR-92a in the endothelial cells of atherosclerosisprone areas seemed to be driven by STAT3. 4 When ldlr −/− mice were treated with the selective STAT3 inhibitor Stattic, miR-92a expression in atherosclerosis-prone areas was reduced.
Similarly as reported previously, 5, 6 Loyer et al 4 identified the flow-induced transcription factors KLF2 and KLF4 as targets for miR-92a. Upregulation of miR-92a decreased both KLF2 and KLF4 expression, whereas inhibition of miR-92a showed the opposite, predominantly under low shear stress conditions. 4 Inhibition of miR-92a also reduced the expression of the active form of nuclear factor-κB, phospho-p65, an important driver of inflammation, and promoted the expression of NOS3, 4 both targets of KLF2 and KLF4.
Interestingly, a recent report showed that KLF2 is downregulated by LDL, and that the repression of KLF2 is mediated by both DNA and histone methylation, 8 suggesting that the oxLDL-induced repression of KLF2 is not solely mediated by miR-92a, but that other epigenetic phenomena also play an important role. Both endothelial KLF2 and KLF4 have been shown to be atheroprotective. 9, 10 However, the atheroprotective effect of KLF2 and KLF4 is mediated by not only endothelial cells but also myeloid cells. 11, 12 Because miR-92a is not expressed in oxLDL-exposed macrophages, other factors than miR-92a must regulate KLF2 and KLF4 expression in myeloid cells.
Of particular interest, the authors identified a novel target of miR-92a, Suppressor Of Cytokine Signaling 5 (SOCS5).
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January 31, 2014 SOCS5 was specifically targeted by miR-92a in endothelial cells under low shear stress conditions and on exposure of ox-LDL. 4 The function of SOCS5 is not yet clear, but it is thought to act as a tumor suppressor and was shown previously to act as an inhibitor of janus kinase/signal transducer and activation of transcription pathways in endothelial cells. 13 Here, Loyer et al 4 show that inhibition of SOCS5 by siRNA increases monocyte chemoattractant protein-1 and interleukin-6 release without affecting KLF2, KLF4, and NOS3 levels, indicating that SOCS5 indeed directly protects against endothelial activation and inflammation. In which stages of atherosclerosis development the miR-92a-SOCS5 pathway plays its most prominent role still warrants further investigation. 4 In the current article, miR-92a plays a predominant role in endothelial cell biology in low shear stress conditions and when selectively exposed to oxLDL. 4 However, in other diseases, miR-92a plays an important role in re-endothelialization, angiogenesis, and inflammation. In a model of neointima formation, re-endothelialization after wire injury was enhanced and neointima formation was reduced on inhibition of miR-92a.
14 When miR-92a was blocked using an antagomir in mouse models of acute limb ischemia and myocardial infarction, angiogenesis was improved, and tissue recovery was enhanced. 15 Similarly, when miR-92a was blocked by a locked nucleic acid-modified anti-miR in a pig model of myocardial infarction, infarct size was significantly reduced by increased angiogenesis and a reduction in inflammation. 16 Circulating members of the miR-17 to 92 cluster, and especially miR-92a, have been shown to be potent biomarkers for cardiovascular disease. miR-92a levels were strongly associated with coronary artery disease in humans. 17, 18 Moreover, miR-92a was found to be highly expressed in circulating Annexin + CD31 + microparticles of these patients, suggesting an endothelial origin of this biomarker. 17, 18 In conclusion, Loyer et al 4 make an important observation that miR-92a is a powerful lipid-driven atheromiR, which may be a promising therapeutic target in atherosclerosis. Not only do Loyer et al show the importance of modulation of KLF2 and KLF4 in atherosclerosis by miR-92a, but they also identify SOCS5 as a novel target for miR-92a in the endothelium (Figure) . These combined regulatory effects of miR-92a in endothelial activation make it thus an important regulator of atherosclerosis development.
Together with the data available on the role of miR-92a in cardiovascular disease, this article shows the potential of miR-92a to be used both as a diagnostic and therapeutic target in atherosclerotic disease. Because this miRNA seems to particularly act on the endothelium in atherosclerosis-prone areas, both systemic and local therapeutic approaches using miR inhibitors could be of interest in both preventing atherosclerotic disease and minimizing tissue loss on infarction when atherosclerotic disease is irreversible. Figure. Regulatory effects of miR-92a by low shear stress and oxidized low-density lipoprotein (oxLDL). The combined effect of low shear stress and oxLDL induce miR-92a in a STAT3-dependent manner. miR-92a targets KLF2/4 and Suppressor Of Cytokine Signaling 5 (SOCS5) and thereby inhibition of miR-92a leads to repressed janus kinase/signal transducer and activation of transcription (JAK/STAT) and nuclear factor (NF)-κB pathways and enhanced nitric oxide synthase 3 (NOX3) expression.
